Orthopaedic surgeons use stems in revision knee surgery to obtain stability when metaphyseal bone is missing. No consensus exists regarding stem size or method of fixation. This in vitro study investigated the influence of stem length and method of fixation on the pattern and level of relative motion at the bone-implant interface at a range of functional flexion angles.
Introduction
There is a general consensus among orthopaedic surgeons that stemmed tibial and femoral components are required to obtain initial mechanical stability when there is deficient metaphyseal bone. 1, 2 However, no consensus exists regarding the appropriate selection of stem size, length or method of fixation. Surgeons choose between cemented fixation, cementless fixation and "hybrid" fixation, comprising a cementless stem coupled with a cemented metaphyseal component. One recent review of the current literature of long-term clinical outcomes did not demonstrate sufficient evidence to recommend one method over the other. 3 Relatively few studies have been conducted on the distal femur. 2, [4] [5] [6] [7] Studies that have focused on the distal femur have often been limited to loading in extension. 2, 4 Wackerhagen et al 5 investigated motion of the femoral component through the use of a custom-built dynamic knee rig, capable of flexion angles between 0° and 90°. Later work by Cristofolini et al 6, 7 employed a modified simulator of knee wear in order to investigate the long-term loosening behaviour of both cobalt-chromium and ceramic primary knee implants, with loading based on the International Organization for Standardization ISO 14243-1 and ISO 14243-3 testing regimes. 8, 9 These studies investigated motion of the femoral component along only a few degrees of freedom (typically anteroposterior translation and rotation in the sagittal plane), which were recorded at the bone-implant interface, and the type of implant was limited to primary stemless prostheses. [5] [6] [7] The aim of this laboratory study was to investigate the influence of stem length on the overall pattern and level of relative motions, at a range of flexion angles, for both cemented and uncemented total knee prostheses.
Materials and Methods
Test rig design. A custom test rig was developed based on concepts similar to those employed by experimental studies on hip implant migration. 10, 11 It comprises two structures: the sensor housing attached to the bone and the target frame attached to the implant (Fig. 1a) . Six differential variable reluctance transducers (DVRTs; Microstrain Inc., Williston, Vermont) were attached to the sensor housing in the following arrangement ( Fig. 1 ): DVRT 3, 4 and 5 were positioned to record displacement in the distal/proximal (z) direction; DVRT 1 and 6 in the anterior/posterior (y) direction; and DVRT 2 in the medial/lateral (x) direction. The target frame consisted of three large spheres attached to a stiff frame; sphere A was offset in the posterior-lateral direction, sphere C in the posteromedial direction and sphere B in the anterior direction relative to the implant reference point, as shown in Figure 1b . These spheres acted as 'targets' for each of the DVRT sensors and were attached rigidly to the target frame, which in turn was connected to the implant through two adjustable wedges machined to provide an interference fit between the frame and the tool grooves of the implant. Once the target frame was fixed to the implant, the sensor housing was then positioned as close as possible to the distal surface and secured through the use of three adjustable screws. Fine adjustment of the DVRTs was then carried out to ensure that the flat surface of each sensor was orthogonal to and in direct contact with one of the three target spheres. Femur preparation protocol. This study used fourthgeneration composite femurs (Sawbones; Pacific Research Laboratories, Vashon, Washington). This human bone analogue has been widely used to assess stability of stemmed femoral components used in total hip replacement.
12-14 A number of studies have shown the composite femur to be a suitable substitute that replicates the strength and material properties of bone adequately while permitting higher levels of repeatability than their biological equivalent for smaller sample sizes due to the standardised nature of their geometry. 15 Three different femoral components were investigated in this study; a posterior-stabilising (PS), a total-stabilising (TS) implant with short stem (12 mm × 50 mm) and a TS implant with long offset stem (19 mm × 150 mm stem with 4 mm lateral offset), all from the Triathlon series (Stryker, Newbury, United Kingdom) (Fig. 2) . Due to the design of the implant system used in this study and geometry of the composite bone, a 4 mm lateral offset was necessary to allow the long-stemmed implant to be implanted into the femoral canal, as is often the case clinically. 16, 17 Tests were divided into two main groups as listed in Table I . The first group consisted of all components implanted into the femur without cement. In the second group (cemented) PS implants were cemented at the metaphysis. TS short stemmed implants were cemented both distally and up past the stem to the cement restrictor (Hardinge; DePuy, Leeds, United Kingdom). Longstemmed TS implants employed a "hybrid" cementing technique, with cement on the metaphysis only. All femoral component implantation and cementing was carried out by a qualified and experienced orthopaedic surgeon (HG) in accordance with each implant's surgical protocol using the appropriate cutting guides and instrumentation (Triathlon TS, System 5; Stryker). The cement was mixed in a standardised manner using a Mixevac (Stryker) in a constant temperature fume-cupboard. A timer was used to ensure cementing and component impaction was performed with the cement at the same viscosity for all samples. Experimental loading protocol. The bone was secured in a custom holder, which permitted variation in bone orientation from 0° to 90°. However, we were unable to carry out tests at angles ≥ 30° flexion (as is discussed later). Once fixed at the desired angle, a cyclical load was applied through a matching tibial component using a Zwick-Roell testing machine (Zwick, Ulm, Germany). Loading was based on three peaks of 728.5 N, 1186 N and 1643 N corresponding to 0°, 10° and 20° flexion during the stance phase of gait from a normal walking cycle for an assumed body weight of 775 N.
18 During the test the load was applied at a constant rate of 42 N/s up to the maximum indicated for each step, the maximum load was applied for 10 seconds after which it was reduced back to a reference load of 20 N (to maintain contact) for a further 10 seconds. Each test consisted of 40 cycles at each of the three flexion angles investigated. Previous studies have shown that a stabilised value of relative motions of uncemented implants can be determined within relatively few cycles of load application. 19 Data acquisition was carried out using a National Instruments DAQpad-6070E and virtual instrumentation software LabView 7.0 (both National Instruments, Austin, Texas). For each test the signal was logged at a rate of 10 samples per second. This signal was then converted from voltage to microns using each individual DVRT sensors' calibration curves and filtered using a third-order Butterworth filter to reduce noise. This gave a displacement curve for each sensor that varied over time corresponding to the loading and unloading of the femoral component. A custom program was developed in LabView that extracted the amplitude of each sensor's displacement curve at one-cycle intervals over the entire 40 cycles of load application; this gave the values of inducible displacement due to loading for each sensor over the test period. Relative motion evaluation. Coordinate transformation theory for small angles 10 was then applied to allow the displacements (u, v, w) and rotations (θ x , θ y , θ z ) of the femoral component relative to the bone to be determined for a fixed reference point (Fig. 1) . If U c , V c and W c are the displacements measured by DVRT 2, DVRT 1 and DVRT 3, respectively; V a and W a are the displacements measured by DVRT 6 and DVRT 5, respectively; and W b is the displacement measured by DVRT 4; then the equations can be represented as given in Figure 3 .
The terms A x , A y , B y , C x and C y represent the distance each target sphere is offset from the reference point, as shown in Figure 1b .
Results
Mean translational and rotational relative motions are shown in Figure 4 . Numerical values along with standard deviation (SD) are presented in Tables II and III. All translational relative motions generally increase with flexion angle (Fig. 4; left column) . The largest motions occurred in the z direction (distal/proximal) for all three flexion angles of loading. It can be seen that the addition of a short stem ( Fig. 4 ; middle row) for both cemented and uncemented cases leads to a reduction in translational motions compared with PS implants with no stem (Fig. 4; top row) . The cemented short stem led to smaller relative motions in comparison with the cemented PS implants with no stem. The TS implant with long stem (Fig. 4 ; bottom row) shows significantly reduced motions in comparison with both of the other two implants. The translational relative motions reduce with cementing, as expected, in almost all cases.
The trends with respect to relative rotations are considerably more complex (Fig. 4; right column) . The largest relative rotations are found to occur with the uncemented PS implant. For long-stem cases the relative rotations can be seen to be extremely small in comparison with both of the other two implants. Cementing is found to reduce relative rotations. The component of relative rotations found to be the smallest in general was rotation in the transverse plane (θ z ).
Discussion
We measured relative motion along all six degrees of freedom for femoral components. However, previous studies on femoral component relative motion can provide cross validation where components of motion measured in the current study are similar to those recorded by previous studies. The mean inducible displacements in the direction of the long axis of the femur as reported by Cristofolini et al 6 are comparable with those recorded by DVRTs 3, 4 and 5 in this study. Furthermore, the range of inducible relative motion found in this study for both cemented (0 μm to 45 μm) and uncemented (4 μm to 145 μm) are similar to the range of relative motions reported previously by Wackerhagen et al 5 (14 μm to 250 μm) and Cristofolini et al 6 (9 μm to 130 μm). The overall magnitude of relative motions for each of the uncemented and cemented implant cases were plotted in a single figure (Fig. 5) . This shows an overall increasing trend of motion with flexion angle for all implants tested. It can also be seen that the addition of a stem serves to reduce the levels of femoral component relative motion, with the long offset stem exhibiting the lowest relative motion. The difference in implants is particularly noticeable in flexion.
Once cemented, relative motions were found to reduce to approximately one-third of their uncemented levels; these findings are within the range reported by a previous cemented study on cadaveric bone. 5 It can also be observed from Figure 5 that PS implants, once cemented, exhibit similar levels of relative motion to uncemented TS implants with long offset stem. TS implants with a short cemented stem were found to have comparable relative motions to the hybrid cemented long stemmed implants. Again as with the uncemented tests the long offset stem was seen to result in the lowest relative motion.
Previous biomechanical studies have been performed to analyse primary stability and shear forces for the various fixation techniques using both cadaveric simulation and finite element analysis. [20] [21] [22] These studies have largely been performed upon the tibia and tibial components. Unlike the tibia, the contact area and direction of loading across the distal femur changes significantly with flexion and extension of the knee during the gait cycle. In the present study it was observed that micromotion increased with increasing flexion angle for all components and fixation methods. This highlights the complexity of the distal femur, and that simulation or analysis in the anatomical position of extension does not accurately reflect the conditions for the majority of gait cycle and may lead to an overestimation of component stability.
In revision knee replacement, stems transfer load from the metaphysis to the diaphysis. The use of longer stems increases surgical complexity and raises the concern of metaphyseal stress-shielding and resultant fractures in the long-term. Stem size, offset adaptors, stress shielding and the presence of either cement or bony on-growth can also complicate further revision surgery. Beckmann et al 3 recently published a review of the literature on revision knee replacement fixation. It was indicated that the majority of recent research has dealt with the comparison of hybrid and cemented fixation, reporting comparable rates of loosening and clinical outcomes for both methods. 3 Fewer studies were available for cementless fixation. Overall the authors of the review could not make Diagrams showing the comparison of translational (first column) and rotational (second column) relative motions for: a posterior-stabilised (PS) implanted femur (top row), a total-stabilised (TS) implanted femur with a short stem (middle row) and a TS implanted femur with a long offset stem (bottom row) for both cemented and uncemented cases. Where u, v and w are relative translational motions in the directions of x, y and z, respectively, and θ x , θ y and θ z are relative rotations about the axes of x, y and z, respectively. a final statement recommending one form of fixation over the other, based on clinical outcome studies in the current literature.
The present study suggests that in uncemented reconstructions, stemmed implants perform better than stemless implants, with the long offset stem seen to provide the greatest resistance to relative motion. However, once cemented, all implants with and without stems had comparable levels of relative motion. These findings indicate that the use of stems provides no obvious advantage for cemented implants unless there is a need to bypass a condylar defect. For the implants used in this study (PS or TS design) the central box housing can be regarded as a short stem in engineering terms. In situations where stems are necessary, metaphyseal defects requiring augments, these findings support the use of a short cemented stem, which has been shown in this study to provide comparable results to long offset stems (cemented and uncemented). Recent finite element studies also support the use of short stems due to their more favourable pattern of stress distally in comparison with long stems, which leads to less severe instances of stress shielding over time. 23 Another key practical factor is the relative ease of insertion when using short stems. In comparison, fitting of a long stem can be complicated by the natural AP bow in the femur, variations in the valgus angle, distal metaphyseal anatomical variants and other conditions that may affect the geometry of the shaft.
There are a number of limitations in our study. We only investigated three flexion angles in a walking gait cycle (0°, 10° and 20°). Depending on the activity, higher flexion angles are present during gait, and following the observed trends one would expect even greater relative motions at higher flexion angles, such as those occurring during stair climbing or rising from a chair. The current test rig was designed to allow flexion angles from 0° to 90° to be investigated. In practice, due to the large bending moment introduced at higher flexion angles (≥ 30°) and the absence of ligaments or muscles to redistribute the load and protect the bone, the results became heavily influenced by deformation, in one instance leading the test specimen to fracture in the bone holder. This study does not measure the true levels of motion at the interface; it instead measures motion of the implant relative to the point of fixation of the DVRT rig to the bone. While every effort was taken to minimise the distance of the attachment site to the bone-implant interface, it must be accepted that experimental values measured will therefore include other aspects, such as deformation of the bone. This combined motion deformation may result in experimental values overestimating the level of motion at the interface. This has been a common issue in other studies of this nature. 6, 7, 11, 13 Relatively few loading cycles (n = 40) were carried out during each test. While a small number of cycles have been shown to be adequate for determining the loosening behaviour of uncemented components, 19 cemented components have been seen to fail only after millions of cycles. Due to the comparative nature of this work (cemented versus uncemented) we believe that the behaviour observed in these short-term findings is a good predictor of possible long-term results, although further testing for a greater number of cycles may be necessary to verify if the short-term behaviour observed in the current study applies to long-term scenarios. Conclusions. Testing interface motion in extension only can provide misleading results; future laboratory testing should be carried out in flexion. Cemented constructs provide more initial stability than equivalent uncemented constructs, and cemented short stems provide as much stability as long uncemented stems.
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